A significant effort is made by the cell to maintain certain phospholipids at specific sites. It is well described that proteins involved in intracellular signaling can be targeted to the plasma membrane and organelles through phospholipid-binding domains. Thus, the accumulation of a specific combination of phospholipids, denoted here as the 'phospholipid code', is key in initiating cellular processes. Interestingly, a variety of extracellular proteins and pathogen-derived proteins can also recognize or modify phospholipids to facilitate the recognition of dying cells, tumorigenesis and host-microbe interactions. In this article, we discuss the importance of the phospholipid code in a range of physiological and pathological processes.
Facts
We have defined the 'phospholipid code' as the pattern of phospholipids being exposed intracellularly and extracellularly by host cells and microbes that can regulate a diverse array of cellular processes. The biological consequences of cell death can be determined by the phospholipid code being displayed to the immune system. An altered phospholipid code in the tumor microenvironment can favor tumor progression and serve as a therapeutic target. A wide variety of pathogens exploit the host phospholipid code to facilitate infection and survival inside the host. Likewise, the phospholipid code of pathogens may be targeted by peptides of innate immunity to protect host cells from infection.
Open Questions
What is the evidence to support the existence of a phospholipid code? What is the function of a phospholipid code? How can the phospholipid code be targeted to treat human diseases?
The display of specific phospholipids at various intracellular locations is essential in regulating a range of important cellular processes. It has been well characterized that the recruitment of proteins to the plasma membrane is fundamental for initiating and regulating signal transduction events. Besides protein-protein interactions, signaling proteins are often targeted directly to various membrane sites by interacting with specific phospholipids. Details of these processes as well as other key intracellular functions of phospholipids are outlined in Box 1. In addition to the intracellular role of phospholipids, membrane-derived extracellular vesicles (for example, apoptotic bodies, microparticles, exosomes, matrix vesicles), healthy and dying/dead cells, as well as enveloped pathogens can also display a distinct pattern of phospholipids extracellularly to regulate processes including skeletal development, immunity and coagulation. [1] [2] [3] Interestingly, pathogens have also evolved to express a variety of molecules that can either interact with or modify their host's phospholipids intracellularly and extracellularly to aid the infection process. Similarly, host organisms are also armed innately with numerous phospholipid-recognition proteins that can interact with pathogens and protect the host from microbial assault. These observations, which will be discussed further herein, strongly indicate the existence of a complex intracellular and extracellular 'phospholipid code' being displayed on host cells and microbes.
We would like to define the 'phospholipid code' as the pattern of phospholipids being exposed intracellularly and extracellularly by host cells and microbes that could influence the fate of altered-self (dying/dead cells) recognition, tumor progression and host-microbes interactions. How the phospholipid code may function in these settings and be regulated by molecules derived from host and microbes is shown schematically in Figure 1 . These well-described processes are chosen as examples to demonstrate clearly how the phospholipid code could operate both intracellularly and extracellularly in health and disease. However, it should be noted that in addition to the roles of phospholipids in these key processes and those outlined in Box 1, the phospholipid code could also have an important role in other processes such as mineral deposition, myotube formation and spermatogenesis. Furthermore, although this review will focus mainly on proteinlipid interactions, it is also important to note that proteinprotein as well as protein-carbohydrate interactions may also work in concert with the phospholipid code.
Sensing Dying/Dead Cells via the Phospholipid Code
The immune system has an important role in the detection and elimination of foreign pathogens (non-self) from healthy cells (self). Likewise, the ability of the immune system to distinguish healthy cells from dying/dead cells (altered self) under physiological and pathological conditions (for example, tissue remodeling and tissue injury) is also a key process to ensure efficient clearance of unwanted or damaged cells. 4 It is well described that cells can undergo cell death via a number of distinct pathways, generating different types of dying/dead cells including apoptotic and necrotic cells. 4 Importantly, dying/dead cells can expose a variety of molecules, particularly phospholipids, to trigger their recognition and removal by the immune system. 3 In healthy cells, the specific distribution of different phospholipid species across the cytosolic and outer leaflet of the plasma membrane is mediated by a group of membrane-bound enzymes broadly termed flippases and floppases. 5 These enzymes are responsible for ATPdependent inward and outward transport of lipids, respectively, to maintain phospholipid asymmetry at the membrane. For example, the anionic phospholipids PS and PE are maintained predominantly at the cytosolic leaflet of the plasma membrane through aminophospholipid translocase flippases, while phosphatidylcholine (PC), sphingolipid and cholesterol
Box 1 Phospholipids as key regulators of intracellular processes
The localization of specific phospholipids at various intracellular sites can have an important role in regulating signaling events. For example, SHP-1 phosphatase can be localized to the plasma membrane through recognition of phosphatidic acid (PA) 122 and subsequently regulate signal transduction by dephosphorylating proteins such as B cell linker protein. 123 Similarly, the recruitment of phospholipase Cδ1 to phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) located at the inner leaflet of the plasma membrane through its pleckstrin homology domain can mediate hydrolysis of PI(4,5)P 2 , and subsequently generate second messengers diacylglycerol and inositol 1,4,5-trisphosphate. 124 In addition to cell signaling, the recruitment of proteins to specific membrane compartments via phospholipid recognition can modulate a variety of other processes including endocytosis, phagocytosis, membrane/organelle fusion, membranecytoskeleton adhesion and ion channel function. For example, adaptor protein 180, a key component of clathrin-mediated endocytosis, can interact with both PI(4,5)P 2 and clathrin simultaneously to facilitate the formation of clathrin lattice at the plasma membrane. 125 Likewise, the Ca 2+ -sensing protein, synaptotagmin, mediates neurotransmitter release via interacting with PI(4,5)P 2 and t-SNARE at the pre-synaptic axon terminal of neurons. 126 Similarly, assembly of factors required for early endosome fusion involves the recruitment of early endosome antigen 1 protein to phosphatidylinositol 3-phosphate (PI(3)P) located at the cytosolic leaflet of endosome via its FYVE domain. 127 As the availability of certain phospholipids is key in orchestrating the cellular localization of various phospholipid-binding proteins, a number of enzymatic-and non-enzymatic-based mechanisms are present to tightly regulate this process. The levels of phosphatidylinositol mono-/bis-/tri-phosphate are controlled by the activities of lipid kinases and phosphatases. For example, synthesis of PI(4,5)P 2 from phosphatidylinositol 4-phosphate (PI(4)P) at the plasma membrane is mediated by type I PI(4)P 5-kinases. 128 Likewise, the phosphoinositide phosphatase Sac1 has an important role in regulating the turnover of PI(4)P at the endoplasmic reticulum and golgi complex. 129, 130 Besides phosphatidylinositols, levels of the mitochondrial glycerophospholipid, cardiolipin, are also tightly controlled. Cardiolipin is abundant in the inner mitochondrial membrane where it acts as a key component of the electron transport chain, as well as having an essential role in the initiation of apoptosis through association with cytochrome C. 131 To coordinate these essential mitochondrial processes, cardiolipin synthase as well as a range of phospholipases exquisitely maintain cardiolipin levels within the mitochondria. 132 Another key mechanism in regulating the availability of phospholipids at different locations, particularly on which surface of the phospholipid bilayer, is mediated by nonspecific and specific lipid transporters. The presence of nonspecific lipid transporters at the endoplasmic reticulum is thought to maintain equal distribution of phospholipids on both the luminal and cytosolic surface. 133 In contrast, phospholipid asymmetry at the plasma membrane, with phosphatidylserine (PS) and phosphatidylethanolamine (PE) found mainly at the inner leaflet, is regulated by a number of lipid transporters including P-type ATPases and ABC transporters 134 (for further discussion, see below). In addition to controlling the absolute levels and distribution of phospholipids, the availability of certain phospholipids can simply be masked by the binding of phospholipidbinding proteins. For example, profilin, a PI(4,5)P 2 -binding protein involved in cytoskeletal restructuring and dynamic actin turnover, can competitively inhibit phospholipase C-mediated hydrolysis of PI(4,5)P 2 when bound.
are transported to the outer leaflet via floppases. 5 In addition to these ATP-dependent enzymes, scramblases, which can mediate ATP-independent bi-directional movement of lipids across the membrane, are also involved in maintaining phospholipid asymmetry. 6, 7 During the course of apoptosis (a form of programmed cell death), the lipid distribution at the plasma membrane is modified by a variety of mechanisms, resulting in the exposure of anionic lipids such as PS to the outer membrane, 3 and thus changing the 'extracellular phospholipid code'. Recently, Xk-related protein 8 and the nematode homolog CED-8 were identified to be involved in promoting PS exposure on apoptotic cells following caspase-mediated cleavage and subsequently enhancing phospholipid scrambling activity at the plasma membrane. 8 Furthermore, the flippase ATP11C was also identified as a key regulator of PS exposure on apoptotic cells, in which caspase-mediated inactivation of ATP11C promoted the distribution of PS on the outer leaflet of the plasma membrane during apoptosis 9 ( Figure 2a ). It is also worth noting that PS can be modified by reactive oxygen species (ROS; a form of 'phospholipid modifier') to generate oxidized PS in certain cell types, a process that could aid PS externalization 10, 11 and recognition by phagocytes. 12 The exposure of PS on the surface of apoptotic cells can function as a key 'eat-me' signal to facilitate apoptotic cell recognition by phagocytes via a variety of 'phospholipid detectors' (Table 1) . For example, PS can be recognized by cell surface receptors including TIM-4 (Kobayashi et al. 13 and Miyanishi et al.
14 ) and BAI-1. 15 PS can also be recognized by soluble opsonins such as MFG-E8 and Gas6, that are in turn detected by cell surface molecules α V β 3 and TAM receptors, respectively [16] [17] [18] (Figure 2a ). The recognition of PS by phagocytes through various phospholipid detectors is an important molecular step to trigger the engulfment of apoptotic cells, 3 and exemplifies how modification of the phospholipid code on the surface of apoptotic cells can promote their clearance. Besides apoptotic cells, the exposure of PS on pyrenocytes (that is, the erythroid nucleus extruded from the erythroblast during the final stage of erythrocyte differentiation) can also facilitate their removal by macrophages. 19, 20 Furthermore, it is important to note that the phospholipid code on dying cells can undergo further changes when the plasma membrane is permeabilized to generate necrotic cells. 4 This is particularly evident when healthy cells are exposed to extreme chemical or physical assault to generate primary necrotic cells, or when apoptotic cells are not promptly removed and resulted in the formation of late apoptotic cells (also known as secondary necrotic cells). 4 Under these necrotic conditions, phospholipids that are normally localized at the inner leaflet of the plasma membrane can become exposed to the extracellular milieu. 4 This represents a unique situation in which the partitioning of the extracellular and intracellular phospholipid code is abolished. Interestingly, there is growing evidence supporting the notion that serum opsonins such as histidine- Figure 1 The phospholipid code. The phospholipid code may become exposed either extracellularly or intracellularly. Different colors and numbers represent different types of phospholipids present on the membrane. The phospholipid code can be recognized by phospholipid detectors and subsequently orchestrate a variety of biological functions. Certain phospholipid detectors may also pass through the membrane to exert their activities. The phospholipid code can be maintained or changed by enzymes that directly modify phospholipid head groups (phospholipid modifiers) or by phospholipid transporters that regulate the arrangement of lipids present on each side of the phospholipid bilayer. It is important to note that the intracellular phospholipid code can also be displayed on other organelles rich glycoprotein and mannose-binding lectin can detect other types of phospholipids such as PI(4)P and PA on necrotic cells to facilitate their removal by phagocytes 3, [21] [22] [23] (Figure 2b ). In addition to apoptosis and primary necrosis, the caspaseindependent programmed cell death pathway of necroptosis has also been shown to depend on recognition of specific phospholipids at the inner leaflet of the plasma membrane (the 'intracellular phospholipid code') to trigger cell lysis. When apoptosis is blocked, for example, using the pan caspase inhibitor zVAD-fmk, assembly of the 'necrosome' is triggered within the cytosol, a complex formed by receptor-interacting serine/threonine-protein kinase-1 and -3 (RIPK1 and RIPK3, respectively), 24 followed by recruitment and activation of mixed lineage kinase domain-like (MLKL) protein. 25, 26 Recently, it has been proposed that during necroptosis, MLKL is translocated to the plasma membrane where it oligomerizes upon interaction with PI(4,5)P 2 and PI(5)P via its N-terminal four helical bundle domain to induce membrane permeabilization 27 ( Figure 2c ). Interestingly, whether necroptotic, primary necrotic and secondary necrotic cells are recognized by the same phospholipid detector(s) to mediate their removal is unclear.
Alteration of the Phospholipid Code During Tumor Progression
Modification of the extracellular phospholipid code. Besides dying/dead cells, cells associated with tumor progression (a form of altered self) can also undergo modification of their lipid composition. The loss of plasma membrane phospholipid asymmetry is reported in a number of malignant cell types as well as in the vasculature of solid tumors. 28 In particular, environmental stressors within the tumor microenvironment can alter the activity of 'phospholipid transporters' and thereby the ability of cells to maintain plasma membrane phospholipid asymmetry, leading to a change in the phospholipid code. For example, elevated production of ROS is a common feature of solid tumors. Along with hypoxic conditions, ROS can elevate cytosolic Ca 2+ levels and lead to the activation of Ca 2+ -dependent scramblases and floppases to promote the exposure of PS and, to a lesser extent, PE on the lumenal surface of tumor vascular endothelium [28] [29] [30] ( Figure 2d ). In addition to dysregulation of phospholipid transporters, altered gene expression of multidrug-resistant proteins (ABC transporters), which can also function to outwardly transport phospholipids across the membrane, has been shown to increase PS exposure on the cell surface of certain tumor cell types. 31, 32 In EPG85-257 gastric carcinoma cells overexpressing multidrug-resistant 1 P-glycoprotein (MDR1 Pgp), the elevated exposure of cell surface PS was suggested to result from MDR1 Pgp-mediated floppase activity. 31 Furthermore, EPG85-257 cells and MCF7 human breast cancer cells overexpressing the breast cancer resistance protein, BCRP, were also shown to outwardly transport PS, leading to increased cell surface exposure. However, the specific role of BCRP in the observed outward phospholipid transfer was not determined. 32 Despite PS exposure on dying/dead cells being a key modification of the extracellular phospholipid code to trigger recognition and clearance by phagocytes (see above), it is interesting to note that in the context of cancer, PS exposure can act favorably towards tumor cell survival and metastasis by initiating the coagulation cascade. It is well documented that activation of the blood coagulation cascade is a common feature of cancer and is associated with increased malignancy and poor outcomes. [33] [34] [35] Under non-pathological conditions, activation of the blood coagulation cascade is triggered in response to tissue injury or trauma and occurs through the activation of a suite of coagulation factors and complexes. 36 It is initiated by exposure of the subendothelial transmembrane glycoprotein, tissue factor (TF), to blood, where it forms a complex with circulating factor VIIa (TF:FVIIa). This complex then activates zymogens, factor IX and factor X to generate thrombin and several other factors and complexes to initiate clotting. Elevated cytosolic calcium under these conditions leads to increased PS exposure on platelets, with PS acting as a negatively charged platform upon which downstream complexes FIXa:FVIIIa (intrinsic tenase complex) and FXa: FVa (prothrombinase complex) bind to facilitate platelet aggregation 36 ( Figure 2d ). In the tumor microenvironment, TF activity is enhanced by elevated cell surface PS exposure, which can trigger the recruitment of circulating factors to initiate coagulation. 37 Activation of the coagulation cascade by tumor cells can subsequently stimulate the release of a range of pro-survival factors associated with cancer progression. For example, the clot-forming protein, fibrin, can sequester growth factors such as VEGF, bVEGF and IGF-1 to tumor cells as well as act as a scaffold for the formation of new blood vessels, while thrombin can interact with cell surface receptors to upregulate growth factors as well as matrix metalloproteinases to further promote angiogenesis and metastasis. 38 Thus, the extracellular phospholipid code on tumor cells and tumor vascular endothelium can have an important role in cancer progression.
Therapeutic potential of targeting the extracellular phospholipid code. A change in the extracellular phospholipid code following exposure of anionic phospholipids on cell surfaces (as described above) has become a valuable biomarker of malignancy. To this end, a number of tools have been developed to monitor the exposure of phospholipids during tumor progression. The rat mAb, 9D2, detects a range of anionic phospholipids including PS. 9D2 and annexin V (a PS-binding protein) were both shown to target PS at the vasculature of several tumor types in mice, with PS Figure 2 Controlling a variety of extracellular and intracellular processes via the phospholipid code. (a) During apoptosis, loss of phospholipid asymmetry due to inactivation of ATP11C flippase induces PS exposure. PS acts as an 'eat me' signal and can be detected by receptors on neighboring phagocytes (directly) and serum opsonins (indirectly) to trigger engulfment. (b) Similarly, cells undergoing necrosis exposes additional phospholipids such as PI(4)P and PA, which can be recognized by serum opsonins such as histidine-rich glycoprotein and mannose-binding lectin to trigger phagocytic engulfment. (c) The caspase-independent programmed cell death pathway of necroptosis involves formation of the 'necrosome' that activates MLKL, leading to its translocation to the plasma membrane. MLKL oligomerization upon contact with PIP2 (PI(4,5)P 2 ) and PI(5)P then mediates membrane permeabilization. (d) In the tumor microenvironment, elevated cytosolic Ca 2+ and ROS production can trigger a loss in phospholipid asymmetry and expose anionic phospholipids on tumor vascular endothelium. PS exposure and TF overexpression can then promote assembly of circulating coagulation factors such as FIXa and FVIIIa on the tumor cell membrane to initiate blood clotting, which can drive tumor progression through elevated growth factor signaling (left). Abberant regulation of PI3K can lead to elevated levels of the plasma membrane second messenger PIP3 (PI(3,4,5)P 3 ), a process that could mediate recruitment and activation of Akt and subsequently mTOR to promote tumor proliferation and survival (right). (e) The Gram-negative bacteria, V. parahaemolyticus uses MAM7, an adhesion molecule that interacts with both PA and fibronectin on intestinal epithelial cells, to mediate host cell entry (left). The oomycetes P. sojae translocates an effector molecule, Avr1b into the host cell membrane to repress host defenses, via binding of its RXLR motif to outer membrane PI(3)P (right). (f) Viruses such as the ebola virus use 'apoptotic mimicry' to enter target cells. Ebola virus exposes PS on its viral envelope that binds to the TIM-1 receptor on host cells to facilitate viral uptake. (g) In HIV-1 infected cells, the HIV-1 Gag protein is trafficked to the plasma membrane via its matrix (MA) domain where it interacts with PIP2 to initiate viral budding. (h) Enzymatic modification of host cell phospholipids by microbial virulence factors can aid infection. S. flexneri secretes IpgD into intestinal host cells that acts as phosphoinositol 4-phosphatase to deplete plasma membrane PIP2, leading to actin remodeling and membrane ruffling (left). SigD from S. typhimurium displays similar phosphatase activity to induce membrane ruffling and facilitate formation of Salmonella-containing vacuoles, thereby enabling bacterial replication (right). (i) The plant defensin NaD1 induces cytolysis of both fungal and mammalian tumor cells through binding to plasma membrane PIP2, with which it forms an oligomeric complex, leading to membrane permeabilization. TAM, Tyro-3, Axl, Mer; Gas6, growth arrest-specific 6; MGF-E8, milk fat globule-EGF factor 8; TIM-4, T cell/transmembrane, Ig, mucin-4; BAI-1, brain-specific angiogenesis inhibitor 1; HRG, histidine-rich glycoprotein; CRT, calreticulin; MBL, mannose-binding lectin; RhoA, ras homolog gene family, member A; ROCK, rho-associated protein kinase; LIMK, LIM motif-containing protein kinase; Co, cofilin; EBOV, Ebola virus; TIM-1, T cell immunoglobulin and mucin domain 1; Env, envelope glycoprotein 39 Similarly, a PE-specific probe, biotinylated duramycin, was targeted to tumor blood vessels in a range of mouse tumors in vivo, a process that can be further enhanced by oxidative stress. 30 3G4, a mouse mAb that binds anionic phospholipids was targeted specifically to the surface of cultured endothelial cells and breast cancer cells under oxidative conditions, as well as tumor vasculature. 40 Here, 3G4-mediated phospholipid binding was dependent on the presence of serum protein beta-2 glycoprotein I, which was suggested to either form a conformational epitope or to crosslink with the mAb, to facilitate binding. Importantly, 3G4 was shown to reduce the growth of tumors in vivo, possibly via Fc receptor-mediated antibody-dependent cell clearance by monocytes and macrophages. 40 The effects of 3G4 on tumor growth were subsequently found to be enhanced by further increasing anionic phospholipid exposure on tumor vasculature, either using the chemotherapy drug, docetaxel or via treatment with radiation therapy in mouse models of cancer. 41, 42 Similar effects were observed for the PS-targeted mouse mAb mch1N11, whereby a combination of cisplatin (a chemotherapeutic) and mch1N11 showed greater therapeutic efficacy in treating murine lung tumors than with cisplatin or mch1N11 alone. 43 Progressing from in vitro studies and animal models, a commercially available chimeric version of 3G4 (known as bavituximab) has been used in combination therapy in human clinical trials. In a 2014 phase II clinical trial among 49 locally advanced or metastatic non-small-cell lung cancer patients, bavituximab combined with carboplatin and paclitaxel treatment resulted in a 41% response rate and was considered to show tolerable safety and efficacy. 44 More recently, a phase I clinical trial with bavituximab in combination with paclitaxel has shown more promising results among 14 HER2-negative metastatic breast cancer patients, with an 85% response rate. 45 In addition, an ongoing phase III trial involving the treatment of advanced non-small-cell lung cancer with bavituximab and docetaxel is currently in progress. 46 Collectively, these studies highlight the potential of targeting and manipulating the extracellular phospholipid code therapeutically in cancer settings.
Besides phospholipid-binding antibodies, innate defense molecules can also target the altered cell surface phospholipid profile of tumor cells. Cationic antimicrobial peptides (CAPs) are a class of small (o5 kDa) positively charged innate defense molecules that act primarily to destabilize or penetrate the membrane of microbial cells, in some cases via interactions with specific phospholipids 47, 48 (functioning as phospholipid detectors). Interestingly, CAPs originated from different species including plants, insects, amphibians, mammals have been shown to possess antiproliferative activity towards mammalian tumor cells both in vitro and in vivo (reviewed in detail by Riedl et al. 49 ). It has been suggested that increased expression of sialic acid-rich mucins 50, 51 and heparan sulfate glycosaminoglycans, 52 as well as the exposure of anionic phospholipids such as PS 32, 53 on the surface of tumor cells, are likely to contribute to the selectivity of these CAPs towards tumor cells. For example, NK-2, a synthetic cationic peptide derived from the porcine antimicrobial peptide NK-lysin, was tested on a range of human tumor cell lines and displayed significantly greater cytotoxic activity towards cell types that were exposing elevated levels of outer membrane PS. 54 Similarly, treatment of a range of mammalian tumor cell lines with four enantiomeric 9-mer CAPs derived from beetle defensins revealed a strong positive correlation between the sensitivity of cell types to CAP-mediated cytotoxicity and PS exposure. 55 Modification of the intracellular phospholipid code. Besides changes in the extracellular phospholipid code, the intracellular phospholipid code can also be modified in tumor cells and regulate cancer progression. In particular, modulating the levels of either phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P 3 ) or PA at the inner leaflet of the plasma membrane of tumor cells has been shown to promote tumorigenesis by altering signaling events. For PI(3,4,5)P 3 , its level at the plasma membrane is markedly augmented by the dysregulation of the PI3K/Akt/mTOR pathway in many cancers. 56 Generated by PI3K in response to growth factors, PI(3,4,5)P 3 functions as a phospholipid second messenger that mediates the recruitment and activation of Akt (a prosurvival protein) by acting as a docking site at the plasma membrane for Akt. Subsequently, downstream activation of mTOR by Akt can regulate a variety of cellular processes including cell proliferation and survival 57 ( Figure 2d ). Mutations commonly seen in the α-catalytic subunit of PI3K 58 as well as mutations or deletions in PI3K pathway's main regulatory gene, PTEN, 59, 60 have been reported in many malignant phenotypes, resulting in elevated levels of PI (3,4,5)P 3 . Likewise, PA has also been implicated in the progression of cancer through its role as an upstream mediator of mTOR signaling. PA is generated by phospholipase D-mediated cleavage of the choline head group of PC and activates mTOR-mediated mitogenic signaling via binding to the rapamycin binding domain of mTOR. 61 Phospholipase D overexpression has been reported for many cancer types including breast cancer cell lines and tissue samples, as well as renal and gastric cancers and is associated with mTOR-mediated pro-survival phenotypes. [62] [63] [64] [65] Thus, modification of the intracellular phospholipid code by changes in the expression and/or activity of various phospholipid modifiers can ultimately regulate tumor progression.
Therapeutic potential of targeting the intracellular phospholipid code. Cancer treatments involving chemotherapeutics that target phospholipid modifiers have the potential to 'correct' the altered intracellular phospholipid code at the tumor cell membrane. For example, inhibition of PI3K, of which there are four human isoforms, can effectively modify levels of PI(3,4,5)P 3 at the inner plasma membrane leaflet to limit aberrant downstream pro-survival processes. PI3K inhibitors that are used in the clinic can be classified into three categories, including pan-PI3K inhibitors, isoformspecific inhibitors and dual PI3K-mTOR inhibitors (reviewed in detail by Scott et al. 2009 ). 66 To a lesser extent, the potential of using phospholipase D inhibitors as anticancer therapeutics has also been explored. Phospholipase D inhibitors have been shown to block invasive migration of human breast cancer lines and enhance the sensitivity of tumor cells towards radiotherapy. 67, 68 Besides modulating the activity of phospholipid modifiers, targeting phospholipids directly at the inner leaflet of the tumor cell membrane has also been examined as a therapeutic approach. As mentioned above, certain CAPs can kill tumor cells by permeabilizing the cell membrane. 49 Recently, it was demonstrated that the plant defensin NaD1, a CAP isolated from the ornamental tobacco Nicotiana alata, can selectively induce membrane lysis (primary necrosis) of mammalian tumor cells through binding PI(4,5)P 2 at the inner leaflet of the plasma membrane at low micromolar concentrations. 69 Although how NaD1 enters the tumor cell and gains access to the intracellular phospholipid code is unclear, the ability of NaD1 to form a multimeric complex with the phosphatidylinositol head group of PI(4,5)P 2 suggests the possibility of NaD1 acting as a phospholipid detector that can mask the cellular function of PI(4,5)P 2 , discussed further below. 69 More recently, the closely related tomato defensin, TPP3, was also shown to induce PI(4,5)P 2 -mediated tumor cell permeabilization via a similar mechanism. 70 Exploiting the phospholipid code during host-pathogen interaction. Pathogens commonly hijack and take advantage of host molecules to facilitate their invasion and replication. An obvious example is the ability of viruses to bind certain receptors expressed by specific cell types to facilitate cell entry, and subsequently utilize intracellular machineries for nucleotide and protein production. 71, 72 In addition, some viruses encode proteins that share structural and functional similarities with host molecules, such as herpes and myxoma viruses, that mimic anti-apoptotic protein BCL-2 to prolong viral replication before the initiation of hostprogrammed cell death. 73 Not surprisingly, pathogens including bacteria, viruses, fungi and oomycetes also exploit the host's phospholipid code for a variety of functions during an infection (Table 1) .
Pathogenic Entry via the Host Extracellular Phospholipid Code
Phospholipid-associated adhesion proteins: The efficient and targeted adhesion of pathogens to a specific type of host cell is a critical process during an infection and the extracellular phospholipid code on host cells is frequently exploited by a range of pathogens to mediate cell attachment. A variety of Gram-negative bacteria including Vibrio parahaemolyticus, Vibrio cholerae and Yersinia pseudotuberculosis encode MAM7 (seven mammalian cell entry domain-containing multivalent adhesion molecule) that can bind to both PA as well as extracellular matrix protein fibronectin, forming a complex to mediate adhesion of MAM7-expressing bacteria to fibroblasts 74 ( Figure 2e ). Recently, it was shown that during adhesion of the marine bacterium Vibrio parahaemolyticus to intestinal epithelial cells, the interaction between MAM7 and cell surface PA activates the GTPase signaling protein, RhoA. It was hypothesized that RhoA signaling could facilitate actin depolymerization through the activation of ROCK/LIMK/cofilin downstream signaling, resulting in impaired epithelial barrier function and allowing bacterial movement into the cell. 75 Likewise, Helicobacter pylori secretes a virulence factor, exoenzyme S, that binds to exposed PE on the host gastric epithelial cell surface to facilitate attachment. 76 Cell surface PE has also been reported as the lipid ligand for adhesion proteins of several other bacterial species, including enteropathogenic and enterohemorragic Escherichia coli strains, 77 Chlamydia trachomatis and Chlamydia pneumoniae. 78 In addition to utilizing PE to facilitate host cell adhesion, enteropathogenic Escherichia coli has also been reported to induce transient accumulation of both PI(4,5)P 2 and PI (3,4,5)P 3 at the inner leaflet of host cells at the site of interaction to promote bacterial attachment, possibly by stimulating local actin accumulation to facilitate the formation of an actin-rich pedestal. 79 As the adhesion of pathogens to host cells is key for initiating the infection process, targeting pathogen-derived adhesion molecules by inhibiting their ability to interact with phospholipids on host cells is an attractive therapeutic approach to limit infection. Indeed, targeting the pathogen-derived MAM7 (an adhesion molecule that can function as a phospholipid detector) using a peptidebased inhibitor was found to prevent the adhesion of methicillin-resistant Staphylococcus aureus to fibroblasts, 80 possibly by interfering with the interaction between MAM7 and PA on host cells. Phospholipid-associated effector proteins: In addition to cell adhesion proteins, the ability of pathogen-derived effector molecules to bind and enter into host cells can also be mediated via the recognition of specific phospholipids. For example, the oomycete Phytophthora sojae contains an effector molecule, Avr1b, that translocates into the cytoplasm of host cells to repress host defenses via a host-targeting signal. This signal contains an N-terminal RXLR motif which recognizes PI(3)P on the outer plasma membrane of both plant and human cells. 81 Besides the well-known intracellular functions of PI(3)P, PI(3)P was detected on the cell surface of soybean roots and human lung epithelial cells, with the exposure of PI(3)P found to be necessary for Avr1b binding and entry in both cell types 81 ( Figure 2e ). Furthermore, another effector protein from the same species, Avh5, was found to enter soybean root and human lung epithelial cells via PI(3)P binding, with both the RXLR motif as well as a lysine-rich region shown to be required for cell entry. 82 Likewise, fungal-derived effectors AvrL567 (Melampsora lini), Avr2 (Fusarium oxysporum f. sp. lycopersici) and AvrLm6 (Leptosphaeria maculans) containing the RXLR motif were also shown to bind PI(3)P and facilitate protein entry into soybean root cells. 81 Interestingly, Helicobacter pylori can modify the host phospholipid code by inducing PS exposure on epithelial cells via its bacterial Type IV secretion system upon initial membrane contact. Exposure of PS then facilitates translocation of CagA, a secreted virulence factor that interacts directly with PS via its N-terminal region, into host cells. This enables CagA to subsequently modify host cell signaling to induce the formation of gastric carcinoma. 83 Thus, pathogen-derived effector molecules that exhibit phospholipid detector properties can exploit the extracellular phospholipid code on host cells to gain cellular entry.
Impersonating and hijacking the host extracellular phospholipid code to aid infection. As described above, apoptotic cells can expose PS as an 'eat-me' signal on the cell surface to facilitate their recognition and uptake by phagocytes. Strikingly, a large number of viruses as well as other microbes can acquire an outer membrane that resembles an apoptotic cell by displaying PS, a process known as apoptotic mimicry, to facilitate uptake/infection into immune cells. A key advantage of this mechanism of infection is that, by hijacking the apoptotic cell clearance machinery, these pathogens may also avoid eliciting host immunity. 84 For example, it has recently been suggested that the Ebola virus can infect epithelial cells through the binding of PS exposed on the viral envelope to the host cell surface PS recognition receptor TIM-1. Although there was no direct evidence for PS-mediated viral internalization, the interaction between PS and TIM-1 was demonstrated to be critical for viral transduction 85, 86 ( Figure 2f ). TIM family receptors and other host-derived phospholipid detectors have also been implicated in PS-mediated uptake of several other viruses including hepatitis A, 87 Lake Victoria marburgvirus, 88 dengue virus 89 and a number of lentiviruses. 90 However, it is worth noting that not all PS recognition receptors are involved in this apoptotic mimicry process. In particular, PS-binding receptors such as BAI-1, RAGE and stablins-1 and -2 have been shown not to support viral infection. 85, 89, 90 In addition to viruses that demonstrate apoptotic cell mimicry, PS exposure on the viral envelope by vaccinia virus was suggested to allow the virus to mimic an apoptotic body (an intact fragment of an apoptotic cell following cell disassembly), thereby triggering macropinocytosis into the host cell. 91 Interestingly, herpes virus can hijack the host extracellular phospholipid code by hiding inside apoptotic bodies to facilitate their entry into macrophages. 92 Thus, controlling the disassembly of infected apoptotic cells may limit the spread of certain infections. 93, 94 Furthermore, the protozoan Leishmania amazonesis in the 'amastigote' stage of development was shown to expose PS on its surface to enable macropinocytotic internalization by macrophages, a process that could aid infection. 95 It is worth noting that apoptotic mimicry may also be achieved by viruses through modification of the host's extracellular phospholipid code. Viral infection of host cells could result in an increase in cytosolic Ca 2+ , leading to a change in phospholipid translocase activity and altering the phospholipid asymmetry at the plasma membrane that favors the exposure of PS at the outer leaflet. 96 Under these conditions, the exposure of PS on infected host cells could facilitate their uptake by phagocytes to perpetuate the infection process. As PS is the key phospholipid that mediates the apoptotic mimicry process by pathogens, targeting PS via blocking antibodies is a potential approach to treat a variety of infections. In particular, Bavituximab/3G4 (previously discussed for its use in cancer treatment), was demonstrated by Thorpe and colleagues (2008) to exhibit in vivo antiviral properties towards Pichinde virus in guinea pigs as well as mouse cytomegalovirus in mice. 96 In 2011, Bavituximab reached phase II clinical trial status for the treatment of hepatitis C virus, although no current developments involving its use for hepatitis C virus treatment are reported. 97 Hijacking the Host Intracellular Phospholipid Code to Promote Infection Direct phospholipid binding by pathogen-derived proteins: Once pathogens or pathogen-derived molecules gain access into different intracellular compartments of the host cell, they could utilize the existing host intracellular phospholipid code to target effector molecules to various locations. For example, the glucosyltransferase domain of lethal toxin released by Clostridium sordellii can bind preferentially to PS compared with PA, PG, PI and PI(4,5)P 2 containing liposomes. 98 Functionally, targeting the glucosyltransferase domain of lethal toxin to PS has been suggested to facilitate its localization at the plasma membrane to mediate glucosylation of Rac-GDP, a process that could alter the GDP/GTP cycle of G proteins and result in a change in cell morphology. 98 Likewise, targeting viral proteins to the plasma membrane is also a key process in mediating viral assembly and budding. In particular, Gag proteins of certain retroviruses have been shown to traffic to the plasma membrane via their N-terminal matrix (MA) domain, which then binds PI (4,5)P 2 to initiate budding 99 ( Figure 2g ). The MA domain of HIV-1 Gag has been proposed to interact with the plasma membrane via PI(4,5)P 2 binding, with the subsequent exposure of its N-terminal myristoyl moiety inserting into the membrane necessary to stabilize the interaction, as well as induce multimerization of HIV-1 Gag. 99 The Gag protein of equine infective anemia virus can also interact with PI(4,5)P 2 during viral budding, with PI(4,5)P 2 suggested to recruit the MA domain of equine infective anemia virus Gag to the plasma membrane to facilitate Gag trimerization. 100 Recently, it was demonstrated that the equine infective anemia virus Gag MA protein can also localize with both PI(3)P and phosphatidylinositol 3,5-bisphosphate at membrane compartments consistent with early endosomes, suggesting that this protein is trafficked not only to the plasma membrane but to intracellular vesicles as well. 101 Besides simply using the phospholipid code to target molecules to various intracellular locations, the notion that pathogen-derived proteins could mask the ability of other cellular proteins to bind to or enzymatically modify various phospholipids has also been suggested. In support of this concept, the vaccinia virus has been shown to express a profilin homolog that binds strongly to PI(4,5)P 2 and PI(4)P. 102 Although the vaccinia virus profilin is not required for infectivity, 103 it has been postulated that it may interfere with host cell lipid signaling by binding to PI(4,5) P 2 , thereby inhibiting the ability of phospholipase C to hydrolyze PI(4,5)P 2 and possibly preventing an inflammatory response by the host cell. 104 Enzymatic modification of the host phospholipids: It is important to note that a variety of microbes can also directly manipulate the host phospholipid code through pathogenderived phosphatases and kinases. For example, a number of bacterial-derived phosphatases can be delivered into host cells via the Type III secretion system to reduce PI(4,5)P 2 levels at the inner leaflet of the plasma membrane, causing a range of effects on the host cell. Vibrio parahaemolyticus can secrete the effector protein VPA0450, a phosphoinositide 5-phosphatase that dephosphorylates PI(4,5)P 2 to PI(4)P, into host cells to induce membrane blebbing and rapid cell lysis. 105 Shigella flexneri can introduce the virulence factor IpgD, a phosphoinositide 4-phosphatase that dephosphorylates PI(4,5)P 2 to PI(5)P, into mammalian cells to aid infection by modulating a variety of host cellular processes, including actin filament remodeling to assist invasion 106 ( Figure 2h ) as well as PI3K/Akt/mTOR signaling to inhibit apoptosis and enable bacterial colonization within host cells. 107 Similarly, the Salmonella typhimurium effector molecule SigD, a homolog of Shigella flexneri IpgD, also displays phosphoinositide 4-phosphatase activity towards PI (4,5)P 2 and causes membrane blebbing and cell rounding in infected cells. The effect of SigD on host cells has been suggested to decrease cellular fluid absorption, thus contributing to host diarrhea and facilitating transmission of Salmonella typhimurium. 108 More recently, it has been reported that the phosphatase activity of Salmonella typhimurium-derived effector molecules can induce membrane ruffling and generation of the macropinosome, resulting in the formation of Salmonella-containing vacuoles to aid bacterial replication following internalization 109, 110 (Figure 2h ). In addition to the modification of the host phospholipid code by pathogen-derived phosphatases, certain pathogens can exploit host cell-derived phospholipid modifiers (phosphatases and kinases) to alter the intracellular phospholipid code. During Yersinia pseudotuberculosis infection, endocytosis of the bacterium into PI(4,5)P 2 -rich prevacuoles can induce dephosphorylation of PI(4,5)P 2 through rab5-dependent recruitment of endogenous phosphatidylinositide 5-phosphatases. This process can subsequently promote vacuole maturation and aid bacterial internalization into epithelial cells. 111 In hepatitis C virus-infected U2OS human osteosarcoma-derived cells, endogenous phosphatidylinositol 4-kinase-α was shown to act as a co-factor for hepatitis C virus RNA replication through generating PI(4)P at the endoplasmic reticulum of infected cells, which could recruit PI(4)P-binding proteins involved in viral replication. 112 Likewise, the coxsackievirus B3 was shown to utilize endogenous phosphatidylinositol 4-kinase-β in HeLa cells to generate an approximately five-fold increase in PI(4)P at enteroviral replication organelles. It was reported that the association of viral RNA polymerase with PI(4)P at the sites of phosphatidylinositol 4-kinase-β activity could facilitate viral replication. 113 Thus, the host intracellular phospholipid code can be modified and exploited by a range of infectious agents.
Targeting the pathogen phospholipid code by the host. As mentioned earlier, host-derived innate defense molecules, in particular CAPs, must effectively damage or penetrate the membranes of invading microbes to overcome infection. Importantly, CAPs often exploit an increase in negative charge on the microbial cell membrane to facilitate entry and/ or lysis. 114 Therefore, the membrane lipid composition of infectious pathogens can determine the efficacy and selectivity of CAPs, and in this way the host can target the 'pathogen phospholipid code' as a defense mechanism. For example, the membranes of many Gram-negative bacteria contain a high level of PE, compared with Gram-positive species. 115 It has been proposed that the presence of PE in the Gram-negative bacterial membrane can promote the congregation of CAPs and CAP-mediated membrane disruption through a process known as 'anionic lipid clustering', in which the presence of CAPs can drive the accumulation of anionic lipids and CAPs in discrete regions of the membrane. 116 Hence, Gram-negative bacteria with higher degrees of PE in their membrane are likely to promote anionic lipid clustering and are more sensitive to CAPmediated membrane disruption. Indeed, the ability of natural and synthetic CAPs to induce anionic lipid clustering in PEcontaining membranes has been reported. 117 Likewise, the antimicrobial activity of the synthetic lysine-rich peptide, OAK C 12 K-7α 8 , was found to correlate positively with the level of membrane PE across a range of bacterial species. 116 Besides the bacterial outer membrane, phospholipids in the membrane of fungal pathogens are also targeted by various CAPs, in particular plant defensins ( Table 1 ). The Medicago truncatula legume defensin, MtDef4, has been shown to induce membrane lysis of the filamentous fungal pathogen Fusarium graminareum via phospholipid binding. The antifungal activity of MtDef4 was proposed to be mediated through an interaction between a cationic loop region of the defensin and PA on the fungal hyphal membrane. 48 Likewise, the aforementioned ornamental tobacco defensin, NaD1, which binds PI(4,5)P 2 as well as a range of other phosphorylated phosphatidylinositol species, also exhibits antifungal activity against filamentous fungi, in part mediated by phospholipid binding. 69 NaD1 was solved by X-ray crystallography in complex with PI(4,5)P 2 , revealing the formation of a dimeric 'cationic grip' PI(4,5)P 2 binding pocket, repeated to form an extended oligomeric arch. This interaction was proposed to induce membrane destabilization of target cells, with sitedirected mutagenesis of key lipid-binding residues confirming the requirement of PI(4,5)P 2 for efficient membrane lysis of both Fusarium oxysporum as well as mammalian tumor cells 69, 118 ( Figure 2i ). Similar PI(4,5)P 2 -binding mechanism was also described for the tomato defensin TPP3, which binds specifically to PI(4,5)P 2 and shares the conserved cationic grip binding pocket as NaD1 to mediate cell lysis. 70 It should be noted that the cationic loop region identified as the PA binding site in MtDef4, is conserved among many plant defensins 119, 120 and interestingly, the equivalent region (between β2 and β3 strands) was also found to be the PI (4,5)P 2 binding site for both NaD1 and TPP3, 69, 70 indicating that this region is functionally conserved to bind phospholipid. Intriguingly, the ability of these plant innate defense molecules to induce membrane permeabilization via binding to inner membrane PI(4,5)P 2 and forming oligomers resembles the aforementioned PI(4,5)P 2 -dependent targeting and oligomerization by MLKL in mammalian cells undergoing necroptosis. 27 It is tempting to speculate that the targeting of PI(4,5)P 2 by both plant defensins and the mammalian MLKL to facilitate membrane disruption may reflect convergent evolutionary pathways in which the primary downstream function is to induce cell lysis through interactions with this key phospholipid. Collectively, the availability of specific phospholipids at the microbial membrane can also operate as a form of phospholipid code and act as a major target of innate antimicrobial peptides.
Concluding Remarks
By definition, 'code' (as a noun) is 'a system of words, letters, figures or symbols used to represent others'. 121 Consistent with this description, the phospholipid code as discussed in this article comprises a system of phospholipids (PS, PC, PE, phosphatidylglycerol, phosphatidylinositol, etc.) that functions as an information platform to mediate a variety of cellular processes intracellularly and extracellularly. Importantly, a code is only meaningful if the appropriate decoding mechanism is available. In the case for the phospholipid code, the code is deciphered by the availability of specific phospholipid detectors (phospholipid-binding proteins), and these phospholipid detectors can originate from both the host and the invading pathogen. As the phospholipid code is a key component of dying cell recognition, tumor progression and host-microbes interactions, understanding and therapeutically targeting the phospholipid code could lead to novel treatment of diseases.
